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Effect
Traditionally, this equation is used to model the sigmoid concentration-effect relation of neuromuscular blocking agents (NMB) with values of "s" ranging up to 10 or more 2, 3 . The usual explanation, cooperativity, cannot explain the need for an exponent in modelling blockade of the neuromuscular junction (NMJ), where the channel is rendered inactive if either of two recognition sites is occupied by an antagonist 4 . It is therefore generally agreed that the use of the Hill equation to describe neuromuscular blockade must be considered empirical 5 . In 1987 we proposed a model for the concentration-effect relation of NMB, based on the hypothesis that the sensitivity of NMJ to blocking concentrations of competitive NMB is normally (Gaussian) distributed 6 . Although subsequently we have discovered that the idea of a normal distribution to explain dose-effect relation had been proposed a long time ago 7 , to our knowledge it has not previously been tested. In this study, we compare the goodness-of-fit of the Hill equation model with two models, the first assuming a normal distribution of the sensitivities of the NMJ to blockade and the second a log-normal distribution (i.e. normal with respect to the logarithm of the concentration). The EC 50 from the Hill model was also compared to the mean blocking concentration from the distribution models.
Our models make the assumption that each fibre of the adductor pollicis contributes equally to the force of contraction. If this is the case, the effect of an NMB is proportional to the fraction of fibres blocked. The hypothesis which is tested in this study is that the distribution of the sensitivities of the NMJ to blockade is either normal, or log-normal with respect to the drug concentration where x is the NMB concentration (or its log), and X the mean blocking concentration and σ the standard deviation of the blocking concentration. Therefore, X ± σ would be the concentration range from 16% to 84% blockade.
Hence the fractional effect (E/E max ) is equal to the cumulative density function of the normal distribution with drug concentration or its logarithm as the independent variable or more simply, the area under the normal curve, corresponding to a given concentration of NMB (or its log).
METHODS
This study was approved by the Ethics Committee of the Eastern Sydney Health Area Service. To test our hypothesis we used concentration-effect data from a previously published study 8 on the pharmacodynamics of atracurium, with data from one additional subject. The first twitch from train-of-four series was used and control height was obtained at the end of the study, when the first twitch was stable and the train-of-four ratio was greater than 0.8. The earliest reappearance of the twitch was noted between 20 and 25 minutes after drug administration, which is reliably in the log-linear elimination phase of atracurium. Because in this phase the effect compartment NMB concentration is well approximated by the plasma concentration 9,10 , this phase was chosen for testing the models, obviating the need for the use of a separate effect compartment. The plasma concentration and corresponding effect data were fitted to the Hill equation and to the integral of the normal distribution using the plasma atracurium concentration or its natural logarithm as the independent variable. As the number of estimated parameters was the same (2) in all three models, the log likelihood 11 was used to express the goodness-of-fit. Paired t-tests were used to compare the EC 50 and the mean blocking concentrations.
RESULTS
The results of the curve fits are summarized in Table 1 . The differences in the log-likelihoods were not significant between the Hill and the log-normal models, but in some of the subjects there was a significant (P>0.05) difference between the normal distribution and the other two models.
Judging by the log-likelihood, no model could be considered to describe the data better than another. The mean blocking concentration determined by the normal model was consistently slightly greater than the EC 50 or that determined by the log-normal model, and paired t-tests showed that these slight differences were statistically significant, P=0.003 v. Hill and P=0.002 v. the log-normal, respectively. There was no significant difference between the Hill and the log-normal models.
DISCUSSION
Pharmacodynamic and other models serve two objectives. The first is computational, permitting the use of a mathematical expression to describe a pharmacological relation, allowing predictions or interpolations to be made. The other purpose is to test hypotheses which in turn help gain insight into pharmacodynamic processes. While the Hill equation has been traditionally and successfully used to model the concentration effect relation of neuromuscular blocking drugs, intellectually we find it unsatisfactory. It is known that each ionic channel of the NMJ has two acetylcholine recognition sites which must be occupied by the agonist for the channel to conduct 4 . Thus occupation of either site by an antagonist will prevent the channel opening. Yet the Hill equations fitted to our data had exponents ranging from 3.2 to 12.5. As this exponent determines the slope of the sigmoid curve drawn by the Hill equation to fit the data, it seems reasonable to regard this as an empirical relation, and not as an expression of the number of molecules of drug which combine with the receptor 5, 12 . It has been suggested that the exponent is an expression of the neuromuscular reserve. This is illogical, and it is more correct to say that the exponent is required to reflect this reserve. No block occurs until a certain NMB concentration is reached, then block develops, over a small concentration range. The "reserve" is due to the fact that the endplate potential (EPP) generated by the nerve action potential is normally much greater than that necessary to generate an action potential in the muscle. The EPP is roughly proportional to the number of activated (opened) channels and the normal amount of acetylcholine released is well in excess of the minimum required to cause a muscle action potential. As more and more recognition sites are blocked with increasing concentration of antagonist, the EPP falls towards the threshold and a small further increase in antagonist concentration results in blockade. Thus the Hill equation fails the second objective of modelling-an understanding of underlying mechanisms. The force exerted by a muscle responding to a brief supramaximal indirect stimulus is the sum of the forces exerted by a single contraction of its individual fibres. In human twitch muscle, such as the adductor pollicis, each fibre has a single neuromuscular junction and when that is blocked, the fibre fails to contract in response to indirect stimulation. If we assume that each fibre contributes approximately equally to the total force of contraction, then according to our model the force exerted is proportional to the number of fibres contributing. If we now assume that there is variability in the concentration of drug necessary to block individual NMJ, the concentrationeffect curve will describe the relation between drug concentration and the fraction of fibres blocked. In this study we tested the hypotheses that the distribution of the blocking concentrations was either normal, or log-normal. In this model, the mean blocking concentration positions the curve as does the EC 50 in the Hill equation and the standard deviation defines the slope similarly to the exponent, "s".
Our data could not distinguish between the two models by goodness-of-fit. Both appeared to fit equally well as the Hill function. The correspondence between the log-normal model and the Hill equation was closer than that between the normal model and the Hill equation. It may be very difficult to obtain data with sufficient precision early and late in recovery to be able to demonstrate the superiority of either one of the models. We were unable to find any mathematical reason for the congruence of the Hill and log-normal models. The Hill equation remains the computational choice because of its simplicity. Our model, however, proposes a logical explanation for the observed sigmoid concentration-effect relation.
